INTRODUCTION
C-peptide is a connecting segment of proinsulin and is secreted from pancreatic β-cells into the circulation along with insulin after the cleavage of proinsulin. Although C-peptide was formerly considered biologically inactive, more recent studies have suggested that it is a biologically active peptide and might be involved in the development of diabetic microangiopathy and neuropathy [1, 2] . Administration of C-peptide to insulin-dependent diabetic patients or diabetic animals has been shown to decrease glomerular hyperfiltration [3] [4] [5] , to diminish the leakage of albumin or fluorescein across the blood-retina barrier [3, 6] , to increase glucose uptake in skeletal muscle [7, 8] and to improve autonomic nerve and microvascular functions [3, 5, 6, [8] [9] [10] [11] .
The presence of a putative receptor for C-peptide had not been proved by the conventional method with iodinated C-peptide in various cell preparations, except in insulin-secreting β-cells [7, 12, 13] . However, Rigler et al. [13] have recently demonstrated the presence of specific binding sites for C-peptide on the surface of human renal tubular cells, endothelial cells and fibroblasts by using fluorescence correlation spectroscopy. These binding sites can be displaced with a stereospecific form of C-peptide but not with insulin, proinsulin or insulin-like growth factor I or II [13] . It has also been demonstrated that C-peptide increases Na + ,K + -ATPase activity in rat renal tubule segments and that the effect of C-peptide is abolished by either pertussis toxin (PTX) or a Abbreviations used : EGF, epidermal growth factor ; ERK, extracellular signal-regulated kinase ; MAPK, mitogen-activated protein kinase ; MEK, MAPK kinase ; NPY, neuropeptide Y ; PDGF, platelet-derived growth factor ; PI-3K, phosphoinositide 3-kinase ; PKC, protein kinase C ; PTX, pertussis toxin. 1 To whom correspondence should be addressed (e-mail k-kimura!vetmed.hokudai.ac.jp).
abolished by treatment with pertussis toxin (PTX) and also with a MEK inhibitor, PD 98059. In addition, MAPK phosphorylation was attenuated by treatment with a phosphoinositide 3-kinase (PI-3K) inhibitor, wortmannin, and with a protein kinase C (PKC) inhibitor, GF109203X, and by down-regulation of PKC by prolonged treatment with PMA. Similar effects of the inhibitors and PTX were found on the MAPK phosphorylation induced by neuropeptide Y. These results suggest that C-peptide activates MAPK through a putative G i \G o -linked receptor for C-peptide and through PI-3K-dependent and PKC-dependent pathways.
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protein phosphatase 2B (calcineurin) inhibitor [14] . Thus it seems possible that C-peptide exhibits its activities through a specific PTX-sensitive G-protein-coupled receptor for C-peptide and the activation of a Ca# + -dependent intracellular signalling pathway. Ohtomo et al. [14] reported that the C-peptide-induced activation of Na + ,K + -ATPase is markedly enhanced in the presence of subthreshold concentrations of neuropeptide Y (NPY). NPY has recently been shown to stimulate mitogenactivated protein kinase (MAPK) via the Y1-or Y5-NPY receptors [15, 16] . MAPKs, also known as extracellular signalregulated kinase (ERK), are a family of protein-serine\threonine kinases, and are stimulated by a variety of ligands through their receptors, including receptor tyrosine kinases and G-proteincoupled receptors [17] [18] [19] . Based on the fact that C-peptide increases Na + ,K + -ATPase activity, which is abolished by PTX treatment and enhanced by NPY [14] , and that NPY stimulates MAPK [15, 16] , thus we assumed that C-peptide might activate MAPK through a putative PTX-sensitive G-proteincoupled receptor.
The aim of the present study was to examine the effect of Cpeptide on MAPK activation as judged by specific phosphorylation (Thr-202\Tyr-204) of p44 and p42 MAPK (ERK1 and ERK2 respectively). Because a limited number of cells are known to respond to C-peptide, we first tested MAPK phosphorylation by C-peptide in various cell lines, then examined the general characteristics of the reaction and the effect of various inhibitors of intracellular signalling pathways on the C-peptide-induced phosphorylation, comparing them with those on NPY-induced MAPK phosphorylation of NPY.
EXPERIMENTAL Materials
Human C-peptide was generously provided by Eli Lilly Co. (Indianapolis, IN, U.S.A.). Reverse-sequence (retro-sequenced) or all--amino acid human C-peptides were obtained from BioSynthesis (Lewisville, TX, U.S.A.). Rat C-peptides 1 and 2 were bought from Yanaihara Institute (Shizuoka, Japan). Bovine insulin, mouse epidermal growth factor (EGF) and human recombinant platelet-derived growth factor-AB (PDGF) were from Sigma Chemical Co. (St Louis, MO, U.S.A.). NPY and bombesin were purchased from Peptide Institute (Osaka, Japan) and American Peptide Co. (Sunnyvale, CA, U.S.A.) respectively.
Cell culture
The following cell lines were used : Swiss 3T3, a mouse embryonic fibroblast line ; 3T3-L1 and 3T3-F442A, cloned cell lines from Swiss 3T3 cell that can differentiate to adipose cells [20] ; L ' E * , rat muscle cell ; HepG2, a human hepatocellular carcinoma-derived cell line ; C6, a rat glioma-derived cell line ; NG108.15, a hybridoma between C6BU-1 and neuroblastoma N18TG-2 ; GH % C " , rat somatomammotrophic cell. These cell lines, except GH % C " , were individually cultured in 100 mm dishes containing Dulbecco's modified Eagle's medium (Gibco-BRL, Gaithersberg, MD, U.S.A.) supplemented with 10 % (v\v) fetal bovine serum in a humidified air\CO # (19 : 1) atmosphere at 37 mC. GH % C " cells were cultured in Ham's F-12 nutrient mixture (Gibco-BRL) with 10 % (v\v) FBS.
Treatment of cells
After cells had been grown to confluence, they were cultured with a serum-free medium for 2 h and kept in serum-free Hanks buffer. The cells were then treated at 37 mC with either human C-peptide or other peptides, all of which were dissolved in PBS, for the durations indicated in the Figure legends . Subsequently, the cells were washed twice with Hanks buffer and lysed with 1 ml of ice-cold lysis buffer [50 mM Hepes (pH 7.5)\150 mM NaCl\ 5 mM EDTA\10 mM sodium pyrophosphate\2 mM NaVO $ containing protease mixture (Complete TM ; Boehringer Mannheim, GmbH, Germany) and 1 % (v\v) Nonidet P40]. The lysate was kept on ice for 30 min and centrifuged at 15 000 g for 20 min at 4 mC. The supernatant was removed and stored at k80 mC. Proteins were determined by the method of Lowry et al. [21] with BSA as a standard.
Treatment of cells with PTX (100 ng\ml ; List Biological Laboratories, Campbell, CA, U.S.A.) or PMA (100 nM ; Sigma) was performed for 22 h in fetal-bovine-serum-containing medium and for 2 h in a serum-free medium and Hanks buffer. 
Western blot analysis

MAPK assay
The MAPK activity was measured with a p44\42 MAPK assay kit (NEB), in accordance with the manufacturer's recommended protocols. In brief, Swiss 3T3 cells were treated with either PBS or 1 nM human C-peptide for 3 min, washed with ice-cold PBS and lysed with 1 ml of a lysis buffer [20 mM Tris\HCl (pH 7.5)\150 mM NaCl\1 mM EDTA\1 mM EGTA\1 mM β-glycerophosphate\2.5 mM sodium pyrophosphate\1 mM NaVO $ containing protease mixture (Complete TM ) and 1 % (v\v) Triton X-100]. After centrifugation for 20 min at 4 mC, the supernatant was subjected to immunoprecipitation with phospho-specific p44\42 MAPK (Tyr-204) monoclonal antibody and Protein A-Sepharose CL-4B [50 % (w\v) slurry] (Pharmacia Biotech, Uppsala, Sweden). After two washes with ice-cold lysis buffer and two washes with ice-cold kinase buffer [25 mM Tris\HCl (pH 7.5)\5 mM β-glycerophosphate\2 mM dithiothreitol\0.1 mM NaVO $ \10 mM MgCl # ], the pellets were incubated for 30 min at 30 mC with the kinase buffer containing 200 µM ATP and 2 µg of Elk-1 fusion protein. The reaction was stopped by the addition of SDS gel-loading buffer ; the samples were then subjected to SDS\PAGE followed by Western blot analysis with a phospho-specific Elk-1 (Ser-383) antibody and a horseradish peroxidase-conjugated F(abh) # fragment of goat antirabbit immunoglobulin. MAPK activities were determined by scanning the X-ray film as described above.
Statistical analysis
Results are expressed as meanspS.E.M. and analysed by analysis of variance followed by Fisher's protected least-squares difference or Student's t test. P 0.05 was considered to be statistically significant.
RESULTS
The MAPK cascade is known to be activated in response to mitogenic stimuli in a wide variety of cell types. For example, insulin is a representative stimulant in fibroblast-derived cell lines such as Swiss 3T3 [22] . To examine whether such cells also respond to C-peptide, several cell lines were incubated with Cpeptide and the phosphorylation of MAPK was examined. As shown in Figure 1 , C-peptide (1 nM) induced the phosphoryl- Both 3T3-L1 and 3T3-F442A cells are derived from Swiss 3T3 cells, fibroblast-like in shape and capable of differentiating into adipocytes on stimulation by dexamethasone and 3-isobutyl-1-methylxanthine. However, in 3T3-L1 cells C-peptide did not affect the phosphorylation of MAPK (Figure 1) . The different responses to C-peptide in these cell lines might be due to the fact that the basal level of phosphorylation of MAPK was much higher in 3T3-L1 cells ; that is, MAPK might be maximally phosphorylated without stimulation. To test this possibility, the stimulatory effect of C-peptide was compared with those of insulin. In Swiss 3T3 and 3T3-F442A cells, both C-peptide and insulin induced the phosphorylation of MAPK, although the magnitude of the response was different (Figure 3) . In 3T3-L1 cells, insulin significantly enhanced the phosphorylation of MAPK, whereas C-peptide did not (Figure 3) . These results thus confirmed the unresponsiveness of 3T3-L1 cells to C-peptide.
We next determined concentration-dependent and time-dependent effects of C-peptide on the phosphorylation of MAPK in Swiss 3T3 cells. Phosphorylation of MAPK seemed to increase at C-peptide concentrations of as low as 1 pM and reached maximal levels at 1 nM (Figure 4, left panels) . The half-maximal effective dose was 0.25p0.05 nM for p44 MAPK and 0.28p0.09 nM for p42 MAPK. A higher concentration of Cpeptide (100 nM) was not effective in the phosphorylation of MAPK. The total amount of MAPK was not changed at any concentration of C-peptide tested. MAPK phosphorylation was examined at various times after the addition of C-peptide (1 nM). As shown in Figure 4 (right panels), the phosphorylation was quickly induced, reaching a maximum at 1 min, and gradually decreased to the basal level. To confirm that the site-specific phosphorylation of MAPK activates the enzyme, the kinase activity of MAPK was determined. The MAPK activity was
Figure 2 Effect of various types of C-peptide on phosphorylation of p44/42 MAPK in Swiss 3T3 cells
Swiss 3T3 were treated with either PBS (control) or 1 nM human C-peptide (L-AA), rat C-peptide 1 (rat1), rat C-peptide 2 (rat2), all-D-amino acids human C-peptide (D-AA) and retro-sequenced human C-peptide (retro) for 3 min. The lysate was subjected to analysis with antibodies against phospho-specific p44/42 MAPK (phosphorylated MAPK) and p44/42 MAPK (total MAPK). Representative results from three independent experiments are shown.
Figure 3 Quantitative changes in phosphorylated p44/42 MAPK induced by insulin and C-peptide in Swiss 3T3, 3T3-L1 and 3T3-F442A cells
Swiss 3T3 (n l 3), 3T3-L1 (n l 5) and 3T3-F442A (n l 3) cells were treated with either human C-peptide (1 nM) or bovine insulin (100 nM) for 3 min. The untreated cells were used as a control. The ratio of phosphorylated MAPK (p44 or p42) to the total amount of respective MAPK was calculated and expressed relative to that in control cells. *P 0.05 compared with controls. increased 2.4p0.2-fold after stimulation for 3 min with C-peptide (1 nM) compared with those treated with PBS (P 0.05).
In Swiss 3T3 cells, MAPK is known to be activated not only by insulin but also by some peptides such as bombesin [23, 24] , EGF [23] and PDGF [25] . In addition, MAPK is activated by NPY in erythroleukaemia cells [15] and primary cardiomyocytes [16] . Considering the proposed interaction between the effects of NPY and C-peptide on Na + ,K + -ATPase, we first examined whether MAPK is activated by NPY in Swiss 3T3 cells too. A 3 min treatment with 100 nM NPY produced a 2-6-fold increase in the phosphorylation of p44 and p42 MAPK (Figures 5-8 ).
There have been several reports on the signal transduction pathways for MAPK activation in Swiss 3T3 cells ; the possible involvement of PTX-sensitive G-protein, PKC and PI-3K has been suggested. We therefore examined the effects of various inhibitors of the signal-transducing components on C-peptideinduced MAPK activation, comparing them with those on the activation induced by NPY and other peptides. First we investigated the effects of C-peptide and NPY on the phosphorylation of MEK, an enzyme that phosphorylates and activates MAPK. As shown in Figure 5 (upper panels), both Cpeptide and NPY increased the site-specific phosphorylation of MEK, leading to an increase in MEK activity. In the presence of PD 98059, a MEK inhibitor, neither C-peptide nor NPY induced MAPK phosphorylation ( Figure 5 , lower panels). Next we determined a role of G-protein by using PTX, a specific inhibitor of G i \G o proteins. Previous treatment of the cells with PTX did not affect the basal levels of MAPK phosphorylation but blocked those induced by C-peptide ( Figure  6 ). Similarly, NPY failed to stimulate MAPK phosphorylation in the cells treated with PTX. In contrast, bombesin (10 nM) stimulated the phosphorylation even after treatment with PTX, in accordance with previous reports [23, 24] .
Wortmannin, a PI-3K inhibitor, also prevented both Cpeptide-and NPY-induced MAPK phosphorylation but not PDGF-induced phosphorylation (Figure 7) . Similarly, GF109203X, a PKC inhibitor, completely abolished the phosphorylation induced both by C-peptide and by NPY ( Figure  8, left panels) . A role of PKC was confirmed further by the findings that C-peptide and NPY failed to stimulate MAPK phosphorylation when PKC was down-regulated by pretreatment of the cells with PMA for 24 h (Figure 8, right panels) . In contrast, treatment with PMA did not affect the EGF-induced MAPK phosphorylation.
DISCUSSION
In the present study we have demonstrated for the first time that proinsulin C-peptide stimulated the Thr-202\Tyr-204 phosphorylation of p44\p42 MAPK. Maximal phosphorylation occurred within 1 min and at 1 nM C-peptide. The effective concentrations of C-peptide were comparable with physiological levels (0.1-1.0 nM) of C-peptide in the circulation [26] [27] [28] , and also with the association constant (K ass ) value (2.0-3.3 nM) obtained by a binding study in itro [13] . Because MAPK phosphorylation by C-peptide accompanied comparable increases in the catalytic activity of MAPK and the activation of MEK, our results therefore suggest that C-peptide can activate the MAPK cascade under physiological conditions. C-peptide stimulated the phosphorylation of MAPK only in Swiss 3T3 and 3T3-F442A cells, not in the other cell lines tested. It is particularly interesting that C-peptide did not induce MAPK phosphorylation in 3T3-L1 cells, which were originally derived from Swiss 3T3 cells. Because insulin stimulated the MAPK cascade in all three cell lines, the unresponsiveness of 3T3-L1 cells to C-peptide might not be due to differences in the MAPK cascade itself. The magnitude of the response to C-peptide considerably varied in individual experiments, even in Swiss 3T3 cells (Figures 1-8) . In preliminary experiments we found that the responses tended to be smaller in the cells that were cultured for longer periods with repeated passages. This might be related to the unresponsiveness to C-peptide in 3T3-L1 cells.
The responses specific to limited cell lines, together with timeand dose-dependent responses, imply that a receptor for Cpeptide is present on the surface of Swiss 3T3 and 3T3-F442A cells. Moreover, the stimulatory effect of C-peptide was diminished when the cells were treated with PTX. These results are consistent with the abolition by PTX of the binding of Cpeptide to the cell membrane [13] and of the C-peptide-induced activation of Na + ,K + -ATPase in renal tubules [14] , suggesting that the receptor is a G-protein-coupled type. In the present study we found that NPY and bombesin also stimulated MAPK phosphorylation in Swiss 3T3 cells. Treatment with PTX inhibited the stimulatory effect of NPY, which is known to be mediated through a G i -coupled NPY receptor, whereas it did not Proinsulin C-peptide stimulates mitogen-activated protein kinase affect those of bombesin, which are mediated through a G q \G "" -coupled bombesin receptor ( Figure 6 ) [16, 24] . It is therefore likely that the putative receptor for C-peptide might be a PTX-
At present we have little information about the putative receptor for C-peptide, which might be similar to or identical with that reported by Rigler et al. [13] , who detected the binding of C-peptide to cell membrane by the fluorescence correlation spectroscopy method. They showed that the binding was displaced with unlabelled native C-peptide (-form), but not with all--amino acid C-peptide [13] . In line with their results, we found that native C-peptide, but not all--form C-peptide, stimulated MAPK phosphorylation. Furthermore, rat Cpeptides 1 and 2, which have nine amino acid substitutions with regard to human C-peptide, were also effective in MAPK phosphorylation, suggesting that these substitutions might not alter the structural features of C-peptide. Ido et al. [6] reported that -form and retro-sequenced C-peptides, as well as -form human and rat C-peptides, improved hyperglycaemia-induced vascular dysfunction, whereas the both peptides failed to stimulate MAPK phosphorylation. The reason for this apparent discrepancy in the effect of -form and retro-sequenced C- peptides is not yet clear. To clarify the molecular structure of the putative C-peptide receptor, further studies such as cDNA cloning are needed. MAPK activation would be a functional marker for molecular cloning of the receptor.
The receptors and post-receptor pathways to MAPK have been studied extensively in various tissues and cell lines [17] [18] [19] . In Swiss 3T3 cells, bombesin-induced p42 MAPK activation is mediated predominantly by PKC but independently of a G i signalling pathway [23, 24] . EGF and PDGF (100 nM) act on their tyrosine kinase type-receptors and activate p21 ras and a kinase cascade comprising raf-1, MEK and MAPK [17] [18] [19] , which is independent of PKC and PI-3K respectively [23, 25] . These were also confirmed in the present study by using some inhibitors of PI-3K (wortmannin) and PKC (GF109203X). In contrast, we found that the C-peptide-induced MAPK phosphorylation was diminished after treatments not only with PTX but also with the inhibitors of PI-3K and PKC. Thus the pathway of C-peptide-induced MAPK activation might be rather different from those used by bombesin, PDGF and EGF. However, quite similar effects of PTX, wortmannin, GF109203X and down-regulation of PKC were found in MAPK phosphorylation induced by C-peptide and NPY. It therefore seems possible that the two peptides share a common activation pathway involving PKC and PI-3K.
The physiological relevance of MAPK activation by C-peptide is not clear at present, although MAPK is known to be important in the mitogenic signalling of a variety of polypeptide growth factors. Hehenberger et al. [29] have reported that C-peptide at a supraphysiological concentration (70 nM) stimulated the proliferation of fibroblasts derived from patients with insulindependent diabetes mellitus, and that the effect of C-peptide was partly prevented by an inhibitor of MEK. Their findings seem compatible with our present results, suggesting again that the MAPK cascade is involved in the action of C-peptide. However, we could not find any proliferative response to C-peptide in Swiss 3T3 cells (T. Kitamura, K. Kimura and M. Saito, unpublished work). Thus the precise roles of the activation of MAPK by C-peptide, and particularly its relation to the effect of C-peptide on renal and vascular functions, remain to be elucidated.
In summary, proinsulin C-peptide stimulates MAPK in fibroblasts through a common or similar pathway to that for NPY, which requires PKC, PI-3K and PTX-sensitive G-protein.
